Introduction
Cyanobacteria constitute an ancient, globally widespread and diverse bacterial phylum with a unique and great historical and current impact on our planet. Oxygenic photosynthesis and carbon fixation in ancient cyanobacteria not only resulted in the oxygenation of our atmosphere and through endosymbiosis gave rise to higher plants (D ıez and Ininbergs, 2014) but is today still responsible for a major part of global primary production (Whitehead et al., 2014) . In addition, certain cyanobacteria have the capacity to fix atmospheric dinitrogen (N 2 ) and therefore significantly contribute to biogeochemical cycling of nitrogen in both aquatic and terrestrial ecosystems (Falkowski, 1997) .
Research on cyanobacteria in the brackish, temperate Baltic Sea has mainly focused on filamentous pelagic cyanobacteria forming the basis for the mass-emergence phenomena referred to as 'blooms'. Blooms regularly occur during the summer in the central and southern regions of the Baltic Sea (Finni et al., 2001; Stal et al., 2003; Kahru and Elmgren, 2014) and are composed of the diazotrophic (N 2 -fixing) genera Nodularia, Aphanizomenon and Dolichospermum (formerly Anabaena; Wacklin et al., 2009) . Besides being important primary producers, providing fixed carbon and nitrogen to higher trophic levels in the ecosystem (Ohlendieck et al., 2000; Stal et al., 2003; Ploug et al., 2010; 2011; Motwani and Gorokhova, 2013; Hogfors et al., 2014; Engstr€ om-€ Ost et al., 2015) , cyanobacteria produce an array of secondary metabolites, some with documented toxicity (Nehring, 1993; Lehtim€ aki et al., 1997; Landsberg, 2002) . The eutrophicationenhanced blooms (Kahru et al., 1994; and their collapse towards the end of the summer season results in a biomass overload that today constitutes an environmental and public health concern. This overload, in turn, leads to bottom hypoxia and a subsequent increase in release of phosphorus from bottom sediments, fueling expanding cyanobacterial blooms (Vahtera et al., 2007; Jilbert et al., 2011; Funkey et al., 2014) . Concerns have also been raised about whether future climate change scenarios with higher temperatures and lower salinities will further promote blooms (Paerl and Huisman, 2008; Moss et al., 2011; Paerl et al., 2011) .
Small unicellular picocyanobacteria (<2 mm) are highly abundant and important primary producers in all oceans, with the genera Prochlorococcus and Synechococcus dominating (Flombaum et al., 2013; D ıez et al., 2016) . Despite their small size, the emerging picture suggests that picocyanobacteria may also be significant players in Baltic Sea waters (Stal et al., 2003) . Recently, some were shown to have evolved novel pigment-gene characteristics thus far not observed elsewhere . Global analyses show that environmental factors (light, nutrients and temperature) greatly influence picocyanobacterial community composition. Prochlorococcus strains are usually found at lower latitudes and exhibit stratification along the water column with differential preferences for different irradiance conditions, and are classified according to light intensity preference. Synechococcus strains have a wider global distribution and are found at higher latitudes, and are classified into subclusters (5.1-5.3) based on the ecological conditions in which they are most often found. The abundance of both Synechococcus and Prochlorococcus is strongly correlated to both temperature and PAR (Flombaum et al., 2013) . While Synechococcus typically dominate high-nutrient and coastal environments, the minute Prochlorococcus is ubiquitous in warmer oligotrophic ocean water (Partensky et al., 1999; Yooseph et al., 2010; D ıez et al., 2016) .
Cyanobacteria are morphologically and developmentally advanced prokaryotes, composed of unicellular or filamentous forms, with some being capable of complex cell differentiation. For instance, the photosynthesizing vegetative cells may differentiate into nitrogen-fixing heterocysts, or into resting akinetes (spores). This diversity of phenotypic characteristics allows a division of cyanobacteria into the following five sections (Rippka et al., 1979) : unicellular (Section I and II), filamentous (Section III) and heterocyst forming (Sections IV and V). Only Sections IV and V form a monophyletic clade, as recently shown (Shih et al., 2013) , and cyanobacterial classification and taxonomy is constantly under revision.
As a collective, cyanobacteria have the physiological capacity to occupy all aquatic environments irrespective of salinity: freshwater lakes, estuaries, marine oceans, and hypersaline mats (N€ ubel et al., 2000) . Salinity is an important environmental factor determining the distribution of cyanobacterial strains, and cyanobacteria have been categorized as having low, moderate or extreme (halotolerant and hypersaline strains) tolerance. Accumulation of compatible solutes together with active ion export is the major strategies to cope with environmental salt levels, and determines salt tolerance limits (Hagemann, 2013) .
Sucrose and trehalose are used in low tolerance strains, while glucosylglycerol is used by moderately tolerant strains, including most marine strains. Halotolerant strains in addition synthesize glycine betaine, which has also been observed to accumulate in some marine strains (Kl€ ahn and Hagemann, 2011) .
The Baltic Sea is geologically a relatively young sea with pronounced gradients in salinity and macronutrients such as nitrogen and phosphorus, as well as strong seasonality in temperature. Recent large-scale environmental explorations, using SSU rRNA (Herlemann et al., 2011; Hu et al., 2016) and metagenomic analyses , revealed the presence of genetically distinct and rich microbial populations fully adapted to the intermediate salinity range (2-16 psu) of the Baltic Sea. Metabolic incompatibilities were proposed as the main obstacle to salinity-barrier cross-overs (into brackish waters) by both marine and limnic microorganisms. Furthermore, Hugerth et al. (2015) suggested a divergence of limnic and marine clades into a global brackish water adapted microbiome, which potentially arose long before the formation of the modern day Baltic Sea. Together with the recent discovery of a unique pigment gene cluster organization in Baltic Sea picocyanobacteria , this further highlights the untapped genomic diversity and physiological capacities of microorganisms such as cyanobacteria in brackish ecosystems. Temperature and salinity has been identified as main drivers of the cyanobacterial community structure in a local region of the Baltic Sea proper (BertosFortis et al., 2016) , but thus far no specific genetic adaptations have been identified in the Baltic Sea cyanobacterial community in situ to link the community composition to environmental parameters.
The aim of the present study was to in depth explore the overall community composition and diversity of Baltic Sea cyanobacteria, with additional focus on genetic adaptations for salt acclimation. This was accomplished by targeting cyanobacterial genetic matter in comprehensive metagenomic, metatranscriptomic and amplicon data sets (MiMeBS program; Dupont et al., 2014; Asplund-Samuelsson et al., 2016) , spanning natural microbial populations from 41 sites along a 1800 km north-south brackish water transect of the Baltic Sea, and adjacent limnic and marine waters.
Results

16S rRNA phylogeny and community composition
Of the total 944 567 denoized 16S rRNA reads obtained from the water samples collected ( Fig. 1 and Table S1) in the Baltic Sea and adjacent waters, 110 272 (11.7%) were classified as belonging to the Cyanobacteria by the SINA aligner and clustered in 64 OTUs at 97% identity. The cyanobacterial clade of the Greengenes reference phylogeny, used for the phylogenetic classification of 16S rRNA reads, contained 3382 sequences and was concurrent with the phylogeny based on an earlier concatenation of 31 conserved proteins (Shih et al., 2013) .
As seen in Fig. 2 , the inferred phylogram branches deeply into two major clades: one with unicellular and filamentous nonheterocystous cyanobacteria and one containing cyanobacteria with complex morphologies (e.g., filamentous and/or colonial multicellular forms), including cell differentiation. The classical nondifferentiating cyanobacteria in Sections I-III appeared paraphyletic, with nonheterocystous filamentous strains (Section III; Pseudanabaena and Limnothrix) in the basal branches, and baeocystous (Section II) strains in a mixed clade, found between the unicellular and filamentous clades.
The dataset captures cyanobacteria from four of the five major sections (Fig. 2) , excluding only the most complex, branching Stigonematales (Section V). Notably, the absolute majority of all reads cluster with the picocyanobacterial genera Synechococcus and Cyanobium, within Chroococcales (Fig. 2) . These sequences were predominantly identified in samples from the basins with brackish waters (2-16 psu), the Bothnian Bay and Bothnian Sea in the north, and the Baltic Sea proper further south. In total, 22 OTUs with 91 389 reads were assigned to the picocyanobacterial clade, comprising 82.9% of the total cyanobacterial 16S rRNA reads. In comparison, 15 753 reads across 13 unique OTUs (14.3% of all sequences) belonged to the well-studied heterocystous clade (Section IV). Remaining reads, comprising less than 3% of the dataset, were partitioned equally between the most basal branches close to the filamentous nonheterocystous clade, comprising, e.g., Pseudanabaena and Limnothrix, and the unicellular clade, comprising, e.g., Gloeocapsa and Snowella. None of the 16S rRNA sequences retrieved were assigned to the globally widespread unicellular genera Prochlorococcus or Microcystis. Of the 10 most dominant OTUs, seven belonged to the picocyanobacterial clade. The remaining three belonged to the heterocystous Section IV. The data also showed a strong skew in abundance among the most dominant OTUs with more than 70% of all sequences grouping within three OTUs. The two most abundant (OTU 3 and OTU 0), both within the Synechococcus clade, comprised 34 438 and 27 046 sequences, respectively. These two OTUs dominated the cyanobacterial radiation within the brackish waters in central and northern parts of the Baltic Sea (salinities 2.9-7.5 psu) (Fig. 3) . The third most abundant (OTU 8) contained 17 155 sequences and was the single most dominant OTU in salinities >13 psu. Thus, the 16S rRNA dataset revealed a few highly abundant cyanobacterial taxa combined with a large number of taxa present in low abundance (Fig. S1 ). The latter phenomenon is a signature of a 'long-tail' microbial distribution commonly observed in other aquatic environments (Fuhrman et al., 2008; Fuhrman, 2009; Huse et al., 2010) . As seen in the phylogram (Fig. 2) and based on the habitat of isolation of the nearest reference strain (Fig. 2) , it is apparent that among the eight most abundant OTUs in the unicellular clade (90 265 reads), a sharp shift in community composition takes place in the most southern Belt Sea (GS682-683) at salinities 13.6-16.4 psu, from a dominance of OTUs being most closely related to freshwater strains to strains being most similar to marine strains (Fig. 3) .
Although samples were collected during the pre-bloom season, distinct populations of Section IV heterocystous bloom-forming cyanobacteria were already present and, as expected, primarily located in the Baltic Sea proper. In contrast, Section IV representatives were close to absent from the marine sites at the Swedish west coast. Among the five most abundant heterocystous OTUs (15 715 reads), the majority of reads, 69%, clustered in an OTU most similar to Aphanizomenon. The second, third and fifth most abundant OTUs were most similar to Anabaena or Dolichospermum and comprised 23% of all reads. The fourth most abundant OTU was highly similar to Nodularia spumigena and comprised 7.4% of all reads. The highest local abundance of heterocystous cyanobacteria (80%) was detected at GS658, which coincided with the highest surface temperature, 20.48C, significantly higher than the average sampling temperature of 13.3 6 4.38C. Heterocystous cyanobacteria were also abundant in the southernmost part of the Baltic Sea (Danish straits) at GS683 (37%, surface sample) and GS684 (27%, 15 m), where Aphanizomenon OTUs dominated.
One cyanobacterial OTU (1212 reads) representing less than 1.1% of all reads clustered with the unicellular Snowella, most reads originating from waters in the Baltic Sea proper. Another three OTUs (127 reads), representing 0.12% of the dataset, clustered with unicellular cyanobacterial genera such as Gloeocapsa, Cyanothece and Crocosphaera, genera which all include nitrogen-fixing representatives. This clade also contained a sequence from a putatively nitrogen-fixing cyanobacterial symbiont from a diatom (Climacodium frauenfeldianum), as well as a number of sequences from uncultured marine bacteria.
Diversity of cyanobacteria and environmental parameters
The cyanobacterial diversity was next analyzed from a cyanobacterial reference tree with inserted OTUs using the standardized effect size of mean pairwise phylogenetic distance (SESMPD). Higher SESMPD values indicate phylogenetic evenness, interpreted as higher diversity, while low SESMPD values indicate phylogenetic The tree is rooted with Gloeobacter violaceus. OTUs (red branches) are clustered at 97% 16S rRNA gene sequence similarity and aligned to a predefined cyanobacterial reference alignment (black branches). The sphere sizes are proportional to the sum total OTU abundance in the dataset; only shown for OTUs with a total of five or more reads in the entire dataset. The largest represents xxx reads. The colors of the outer ring denote taxonomic classification (Sections I-V) in accordance with Rippka et al. (1979) . Note the dominance of the unicellular clades (Sections I and II) over the differentiated clades (Sections IV and V). The tree was drawn with Interactive Tree of Life (http:// itol.embl.de; Letunic and Bork, 2011). clustering, interpreted as low diversity. Comparison of cyanobacterial diversity in surface samples from Baltic Sea sub basins showed that the diversity in the Bothnian Sea and Baltic Sea proper was significantly higher than in the Bothnian Bay and the Swedish west coast (Bonferroni P 5 0.0068, Fig. 4A ). However, the diversity of picocyanobacteria was significantly higher in the Bothnian Bay where the diversity of heterocystous cyanobacteria is the lowest, than in the Bothnian Sea and Baltic Sea proper (Bonferroni P 5 0.0317, Fig. 4B and C) .
The sample from Torne Tr€ ask (GS667), with limnic conditions, showed a high SESMPD, with relatively many different OTUs (22 OTUs; 3001 reads) but with a total dominance of two OTUs related to Synechococcus and Cyanobium comprising 95.7% of all reads. The high diversity is here a result of the large phylogenetic distance between the different OTUs detected in Torne Tr€ ask. A comparison of the diversity of cyanobacteria versus the rest of the bacterial populations showed that at a slight majority of sites (17 out of 29) diversity of cyanobacteria was higher (Fig. 5) .
Multiple linear regression analyses of environmental data and phylogenetic diversity showed that cyanobacterial diversity across the entire transect correlated negatively with a combination of total nitrogen and salinity (P-value < 0.001, R 2 5 0.5262) (Fig. S2) . When the starting model parameters for stepAIC included N:P ratio instead of nitrogen and total phosphorous separately, the effects of salinity and N:P ratio were still significant although with slightly lower model performance (P-value 5 0.0017, R 2 5 0.4946).
Metagenomic comparisons
A total of 21 of the 41 Baltic Sea samples were analyzed using metagenomics. The dataset comprised 22 914 138 translated amino acid sequences; 6 696 789 (29.2%) of these sequences were assigned a phylogenetic annotation by APIS and, of these, 307 448 (4.6%) were classified as cyanobacterial.
The metagenomic reads assigned to cyanobacteria exhibited phylogenetic patterns similar to that of the 16S rRNA amplicon data set: reads assigned to unicellular Chroococcales (Section I) were most abundant (225 201 reads), constituting 73.2% of the dataset, followed by Nostocales (26 032 reads, Section IV), representing 8.5%. A notable difference between the amplicon and metagenomic analyses was that reads were assigned to Prochlorococcus and Microcystis using the latter approach, likely a consequence of lack of reference genomes for many uncultured strains of other unicellular cyanobacteria. Reads assigned to Prochlorococcus and Microcystis, respectively, constituted about 3.5% and 0.5% of the total cyanobacterial reads in the Baltic Sea metagenomic dataset, while not detected among the 16S rRNA amplicons. As in the 16S dataset, a strong shift within the dominant Chroococcales population was seen in the southern Baltic Sea (Fig. 6) . In more northern low-salinity and brackish water subbasins (2.9-8 psu) this population consisted primarily of picocyanobacteria most similar to estuarine strains within the 5.2 subcluster (Scanlan et al., 2009) , related to Cyanobium sp. PCC7001 and Synechococcus sp. WH5701 (Fig. 6A) . In contrast, in samples from the marine west coast (>20 psu), the population shifted to being composed almost exclusively of marine strains belonging to the 5.1 subcluster, most closely related to the marine strains Synechococcus sp. CC9311, CC9902 and BL107. This dramatic shift in cyanobacterial diversity occurred in the southern Baltic Sea proper over the salinity span of 8-16 psu.
To more closely investigate the genomic similarities between Baltic Sea cyanobacteria and known sequenced reference strains from other ecosystems, fragment recruitment analysis (Rusch et al., 2007) was performed using all reads from the metagenomic data set. The overall toprecruiting genomes were marine picocyanobacterial strains, from open oceans (Synechococcus sp. WH8016) and coastal environments (Synechococcus sp. CC9311 and Synechococcus sp. CC9902), as well as strains from the Mediterranean Sea (Synechococcus sp. BL107). Not unexpectedly, these four genomes primarily recruited reads from cyanobacterial sequences retrieved from the marine waters off the Swedish west coast, at high nucleotide identities (Fig. 6B and C) . In contrast, metagenomic reads from the low salinity and brackish sites in the Baltic Sea were generally recruited by genomes of cyanobacteria isolated from estuarine ecosystems (e.g., Cyanobium sp.), however, with notably lower coverage and at lower similarity thresholds (Fig. 6B and C) . This indicates that dominant strains in low salinity and brackish Baltic Sea sites in large lack genomic representation in databases as of now.
Salt acclimation
To maintain an internal turgor pressure, all bacteria need mechanisms for dealing with external salt levels. In cyanobacteria, the general strategy is to keep salt out and maintain turgor pressure by synthesizing or accumulating low molecular weight organic compounds referred to as compatible solutes (Scanlan et al., 2009) . As salt is an environmental factor with high variability in the Baltic Sea and major influence on community composition, genes for compatible solutes were next investigated. Primarily, four major compatible solutes are synthesized and/or accumulated by cyanobacteria: sucrose, trehalose, glucosylglycerol, and glycine betaine (Hagemann, 2011) . Genes and transcripts involved in the biosynthesis of these compatible solutes were screened for in the metagenomic and metatranscriptomic datasets. Genes for all four solutes were detected along the brackish water transect, but at various levels, while transcripts were detected only from genes encoding enzymes involved in sucrose and glucosylglycerol synthesis (Fig. 7A and B) . Genes encoding sucrose dominated at salinities <20 psu, while glucosylglycerol dominated at higher salinities. However, the transcript data revealed that glucosylglycerol dominated already at salinities >16 psu. Glycine betaine encoding genes were only detected at salinities >16 psu and coincided with the shift in community composition from a dominance of freshwater/brackish to marine picocyanobacteria, but were not detected in the transcript data. Gene abundance (r 5 0.7744; P 5 3.773e-05) and gene expression (r 5 0.5790; P 5 0.03812) was positively correlated to salinity.
Discussion
The data presented here represents the first comprehensive genetic examination of the overall cyanobacterial diversity, community composition and salt acclimation under the unique environmental gradients characterizing the Baltic Sea. By using two different approaches, 16S rRNA amplicon and metagenomic analyses, we were able to detect a high level of hitherto uncharacterized taxonomic diversity among brackish Baltic Sea cyanobacteria, dominated by different strains of unicellular species closely related to Synechococcus and Cyanobium, as well as low diversity communities in the adjacent marine and low- salinity waters. The diversity seems partly driven by the presence of heterocystous cyanobacteria (Nodularia sp., Aphanizomenon sp. and Anabaena sp.), yet the large differences in abundances between the dominant picocyanobacteria and heterocystous and patchiness in distributions precludes firm conclusions. The proportion of picocyanobacteria reported here (80.2-86.3%) corroborate previous estimates within cyanobacterial blooms in the Baltic Sea proper (Stal et al., 2003; Hajdu et al., 2007; MazurMarzec et al., 2013) . Heterocystous nitrogen-fixing cyanobacteria were locally abundant at a few sites in the central Baltic Sea with shallow and warm near-shore waters, and were typically accompanied by lower abundances of picocyanobacteria. This local dip in picocyanobacterial abundance within filamentous blooms contrasts a previous observation with picocyanobacteria being abundant during blooms (Stal et al., 2003) . However, high abundances of picocyanobacteria outside bloom periods have been observed previously (Andersson et al., 2010; Hugerth et al., 2015) . Notably, the most abundant aquatic picocyanobacterial genus worldwide, Prochlorococcus, is not present in the Baltic Sea cyanobacterial community (no cyanobacterial 16S rRNA amplicon reads and a minute percentage of all metagenomics cyanobacterial reads annotated). This finding is naturally explained by their inability to thrive outside marine oligotrophic and warm water habitats (Partensky et al., 1999; Kent et al., 2016) . Instead, strains of Synechococcus, another globally highly abundant genus, dominate brackish Baltic Sea waters, which stresses its high adaptability in relation to environmental conditions in the Baltic Sea (steep gradients in salinities, temperature and nutritional status/ Fig. 6 . Picocyanobacterial reads in the metagenomic data set generated from Baltic Sea microbes. (A) Transect-spanning distribution of metagenomic reads assigned to Synechococcus sp. and Cyanobium sp. by APIS. A clear shift in community composition is seen in the transition between the brackish waters of the Baltic Sea (GS665-GS682; 2.9-8.0 psu) and the fully marine waters connected to the North Sea (GS683-684) (see Fig. 3C ). The total numbers of metagenomic reads are given as black bars above the graph, and sampling depths (in m) within circles below the graph. (B) Fragment recruitment summary for a subset of the cyanobacterial reference genomes in (A) at 75% and 90% nucleotide identity cutoff, respectively. Values were normalized to genome size and library size for each genome. The colors denote sampling site for each individual read, and generally, reads from the more brackish sites (yellow-green) were less similar to the reference genomes than the reads from the marine sites (orange-red). (C) Detailed fragment recruitment of Baltic Sea picocyanobacterial sequences within a 50-100% nucleotide identity, against two of the sequenced genomes in (A). Note that the genome of Cyanobium sp. PCC 7001 primarily recruits sequences from the central Baltic Sea (yellow-green), while the genome of the marine strain Synechococcus sp. CC9311 primarily recruits sequences from the marine west coast (orange-red) and at higher nucleotide identity. Variations (gaps) in recruitment along the length of the genomes (only showing the best hits for respective genome) were apparent, and high nucleotide identity peaks were found at conserved parts of the genome. eutrophication). High adaptability in Baltic Sea Synechococcus is indeed proven in the novel pigment genotype discovered recently . Likewise, the conspicuous toxin-producing freshwater cyanobacterial genus, Microcystis, was only detected in the metagenomic dataset and in low numbers throughout the Baltic Sea transect. This genus may however still be locally and temporarily abundant in the Baltic Sea (Sivonen et al., 1989; Belykh et al., 2013) . Such low-abundance genera may potentially represent 'seed-banks' of rare species in the Baltic Sea. Also, the lack of closely related reference genomes sometimes result in annotations to distantly related strains and even other genera. Besides Synechococcus, strains of the understudied genus Cyanobium sp. was another common constituent of the Baltic Sea picocyanobacterial community, here represented by Cyanobium sp. PCC 7001. Cyanobacteria are physiologically classified as either a-or b-cyanobacteria, based on their type of carboxysomes and RuBisCO (Scanlan et al., 2009) . Cyanobacteria have, as a group, several types of RuBisCO, possibly acquired from other phyla. Roughly generalized, a-cyanobacteria typically have oligotrophic profiles in that they inhabit open oceans and thrive in low-nutrient environments, while b-cyanobacteria inhabit freshwater, estuarine or hot spring environments; bcyanobacteria also have larger cells and genomes, but lower global abundance, than a-cyanobacteria. Cyanobium has been studied as a 'transitional strain' for having a-carboxysomes but similar ecophysiology to bcyanobacteria (Whitehead et al., 2014) , but the literature on Cyanobium is sparse. Yet another unicellular cyanobacterial genus identified was Snowella, a unicellular colonyforming cyanobacterium common in freshwater lakes (Rajaniemi-Wacklin et al., 2006; Bertos-Fortis et al., 2016) . Sequences were found throughout the Baltic Sea and only sporadically along the marine west coast. A sister clade to unicellular nitrogen-fixers, such as Crocosphaera and Cyanothece formed yet another cluster and these reads were primarily retrieved from the marine Swedish west coast. These findings may represent the first observed unicellular nitrogen-fixing planktonic cyanobacteria along this coast, although yet to be characterized in more detail.
A clear shift in community composition within the Baltic Sea area picocyanobacterial clade was observed, which took place in the southern Baltic Sea proper at a salinity of 13-16 psu (Figs. 3 and 6 ). Within this salinity range the picocyanobacterial community transitioned from being dominated by estuarine Synechococcus and Cyanobium strains of sub cluster 5.2, to a mix of estuarine and marine Synechococcus strains of sub cluster 5.1 (Fig. 5) , while at >20 psu a population composed almost exclusively of the marine sub cluster 5.1 strains dominated. This shift is accompanied by a change in genetic repertoire for salt acclimation. Furthermore, the cyanobacterial populations at higher salinities, >16 psu (in the Kattegat and Skagerrak subbasins), showed high sequence similarities to sequenced marine strains across nearly their entire genomes ( Fig. 6B and C) . In contrast, the genotype dominating brackish waters at <13 psu, i.e., in the Bothnian Bay, Bothnian Sea and Baltic Sea proper subbasins, exhibited a relatively low nucleotide similarity to sequenced reference genomes. This stresses the existence of an underrepresented and understudied segment within the cyanobacterial radiation. This is likely due to the fact that databases largely lack reference genomes from brackish water adapted cyanobacteria. However, as also genomes from Chesapeake Bay showed only low similarity in the fragment recruitment analysis, this suggests that both environments harbor endemic species and challenges the hypothesis of a common global 'brackish microbiome' (Hugerth et al., 2015) , at least on genus level. Indeed, the existence of a large and underexplored Baltic Sea gene pool is evident. This genetic diversity among microbes may help sustaining higher organisms, ecosystem stability, and Baltic Sea resilience (Worm et al., 2006) . Salinity was recently singled out as the factor with greatest influence on both the community composition and functional diversity of heterotrophic prokaryotic microbes in the Baltic Sea , and together with the N and N:P status being significant determinants of functional shifts in cyanobacterial populations -a finding verified here in regards to both the composition and phylogenetic diversity of the cyanobacterial community in the Baltic Sea (Fig. 4) .
A drop in the Baltic Sea macrofaunal species and functional diversity is well documented (Bleich et al., 2011; T€ ornroos and Bonsdorff, 2012; Telesh et al., 2013) , and rather than being inhabited by species with a preference for brackish conditions, the Baltic Sea is inhabited by freshwater and marine species with slightly broader salinity tolerance ranges. In direct contrast, the highest cyanobacterial diversity is observed at intermediate salinity ranges (3-16 psu) . According to the classical ecological theory of intermediate disturbance hypothesis (Connell, 1978) , disturbances in an environment uphold 'nonequilibrium', a state in which individual species will neither thrive and take dominance, nor peril in competition with better adapted species. This theory was recently also brought up in an aquatic microorganism context (Telesh et al., 2013) . The high diversity of cyanobacteria at intermediate salinities of the Baltic Sea as opposed to cyanobacteria in the lowsalinity Bothnian Bay and the marine west coast may confirm this hypothesis, and the short generation time of prokaryotes is likely a key factor. In samples from low nitrogen and high phosphorus environments, the overall cyanobacterial community was more diverse than the overall bacterial community, stressing the important role of phosphorus in the cyanobacterial success. Potentially, the higher phosphorus requirements associated with a photoautotrophic metabolism underpin the greater influence of nutrients on the cyanobacterial phylum compared to other bacteria.
The distribution of genes encoding compatible solutes in cyanobacteria followed the gradient in salinity concentration, with mainly sucrose and trehalose acting in low salinity and glucosylglycerol in moderate to marine salinities, and with genes encoding glycine betaine detected only in marine strains. As sucrose is a common metabolite in all cyanobacteria similar levels along the transect may be expected. The fivefold increase in sucrose related genes (sps) from the fresh water Lake Torne Tr€ ask to the Bothnian Bay and stations further south, implies that the presence of more than one sps gene copy per cell, as observed in e.g., Nodularia spumigena (Hagemann, 2013) , may be a common feature of brackish strains. On the same note, the peaks in expression of the sucrose related genes at 5.4 and 6.9 psu may signify highly active photosynthetic activity, rather than salt stress. Interestingly, genes encoding glycine betaine were detected even at moderate salinities, starting at 14 psu. Glycine betaine genes have previously been reported in marine Synechococcus and Prochlorococcus (Lu et al., 2006; Klaehn et al., 2010) and may represent an acclimation strategy to cope with temporary elevated salinities or other environmental stressors.
Conclusions
We have attempted to provide a comprehensive description of the Baltic Sea cyanobacterial community using a high-throughput sequencing approach. The data show dominance by picocyanobacteria, with local peaks of heterocystous cyanobacteria. Cyanobacterial representatives from sections I to IV are present, from the limnic, through the brackish to the fully marine waters. Highly adaptive, potentially endemic, strains of Synechococcus and Cyanobium were most abundant, followed by a long tail of low abundance other unicellular representatives. The diversity of these populations is governed by salinity, and also by nutrient status, primarily nitrogen. We also provide the first inventory of genes and transcripts encoding compatible solutes, which enable acclimation to the extensive Baltic Sea salt gradient, and are closely related to a shift in cyanobacterial community composition in the southern Baltic Sea proper. Overall, our analyses also show that brackish water cyanobacteria are particularly poorly represented in genomic databases, highlighting the need for isolation and sequencing of these genomes, which potentially hold significant and uncharted genetic and metabolic adaptations.
Experimental procedures
Sample collection
Microbial samples were collected in June-July 2009, during the European leg of the Sorcerer II Global Ocean Sampling Expedition. A total of 100-200 L water prefiltered with a 200 mm nylon mesh was serially filtered into three size fractions: 0.1-0.8, 0.8-3.0, and 3.0-200 mm. A total of 41 samples, spanning salinities 0-34.4 psu, were taken at 21 geographic locations within the Baltic Sea, Kattegat and Skagerrak, as well as in the freshwater lake Torne Tr€ ask in northern Sweden (Fig. 1) . At 18 of the 21 locations, samples were taken at more than one depth (0-74 m), while four locations were sampled at the surface only (GS667, GS668, GS658 and GS655). Water samples for nutrient (NO 3 , NO 2 , NH 4 , urea, PO 4 , Si and DOP) analysis were collected in parallel and additional metadata was collected using an integrated CTD with oxygen, chlorophyll a, and pH sensors. Sampling, processing and analysis of metadata have been described in more detail elsewhere .
Analysis of 16S rRNA sequences
All 41 samples from each of the 21 locations were 16S rRNA amplicon sequenced using primer pair 341F (Herlemann et al., 2011) and 926R (Weisburg et al., 1991) . In total, 1 247 371 amplified 16S rRNA sequences were obtained from the 41 samples collected along the transect. Sequences were denoized with AmpliconNoise (including chimera removal with Perseus (Quince et al., 2011) ), clustered into OTUs (operational taxonomic units) using the RDP pipeline (complete linkage clustering at 97% and 99% identity level; Cole et al., 2014) , and classified using the SINA aligner and classifier (against the SILVA database; Pruesse et al., 2012) as part of a previous study that used a subset of the samples . We expanded upon this work by including all of the 41 samples and focused on sequences belonging to OTU clusters classified as cyanobacteria (excluding chloroplast sequences and those within the uncharacterized lineages 4C0d-2, ML635J-21, MLE1-12, QB36, SHA-109, SM1D11, SM2F09 and WD272). These sequences were re-clustered at 97% nucleotide identity using uclust (Edgar, 2010) , producing 88 OTUs of which 24 contained only one sequence and were excluded in further analyses. The remaining 64 OTUs, representing 110 248 sequences, were aligned to the Greengenes (DeSantis et al., 2006) 16S rRNA reference alignment using PyNAST (Caporaso et al., 2010) with a 100 bp length cutoff.
The OTU sequences were then placed into the cyanobacterial clade of the Greengenes 16S rRNA reference tree using the evolutionary placement algorithm in RAxML (v. 7.3.5 (Stamatakis, 2006; Berger et al., 2011) ) with slow insertions.
Diversity within the entire cyanobacterial clade and the Synechococcus/Cyanobium and heterocystous sub-clades separately was calculated using the standardized effect size of mean pairwise distance (SESMPD; Kembel et al., 2011) implemented in the R package picante (Kembel et al., 2010) . The phylogeny, with 64 OTUs placed using RAxML, was used as input for the diversity calculations. Null-communities were constructed by drawing OTUs randomly from the pool of all OTUs with equal probability. Diversity within the rest of the bacterial community was calculated in the same way, but with OTUs inserted into the Greengenes reference tree pruned to the 2715 reference sequences present in the core 16S rRNA alignment.
Diversity and environment
The relationship between cyanobacterial diversity (SESMPD) and environmental parameters was investigated using multiple linear regression. Environmental variables were logtransformed and standardized and linear models were fitted using the stepAIC function in the R package MASS. The freshwater lake sample GS667 was removed prior to fitting, as were the two samples collected at more than 70 m depth (GS678 and GS689), and sample GS662 with a temperature of 2.58C. Additional model outliers were identified using function outlierTest in the R package 'car'. Samples with Bonferroni P-values <0.05 were removed and the analyses repeated until no outliers could be detected. Model selection was initiated with two different sets of starting parameters. In the first the variables used were temperature, salinity, chlorophyll a, silica, and N:P ratio. The second set used total nitrogen and total phosphorous as separate variables. Significant differences in diversity between basins were then tested using Kruskal-Wallis and Wilcoxon tests. Differences in diversity between depths was investigated using pair-wise Wilcoxon tests of paired surface (<4 m) and deep (4-55 m).
Processing and analysis of metagenomic and metatranscriptomic sequences
Procedures for DNA and RNA extraction, sequencing and annotation for the metagenomic and metatranscriptomic datasets have been described previously in detail Asplund-Samuelsson et al., 2016) . Briefly, from 11 of the 21 sampled locations, amino acid sequences translated from 454 pyrosequencing reads were annotated using the JCVI annotation pipeline , with phylogenetic classification performed using automated phylogenetic inference system (APIS; Zeigler Allen et al., 2012) and fragment recruitment (Rusch et al., 2007 ). The metagenomic dataset was then queried using METAREP . A list of kegg orthologs used to query for genes involved in salt acclimation (Hagemann, 2013 ) is provided in Table S2 .
Sample, GS678, taken at 74 m below the surface at Landsort Deep (ca. 470 m; deepest point in the Baltic Sea), had comparatively few cyanobacterial 16S rRNA amplicon sequences (84) as well as metagenomic reads (3106 reads classified on genus level), and was therefore excluded from diversity analysis to avoid skewing results.
The metagenomic libraries are deposited in iMicrobe under the project code CAM_P_0001109. The metatranscriptomic data are deposited at NCBI GenBank SRA under the BioProject Accession PRJNA320636.
Supporting information
Additional Supporting Information may be found in the online version of this article at the publisher's web-site: Fig. S1 . Number of sequences assigned to each OTU at 97% nucleotide identity. Fig. S2 . Correlation between cyanobacterial diversity (SESMPD) and salinity and dissolved nitrogen in Baltic Sea cyanobacteria. Correlation to (A) salinity and (B) dissolved nitrogen. Note the negative multiple linear regression identified between the cyanobacterial diversity and both parameters examined. Table S1 . Environmental data collected at sampling locations in the Baltic Sea and surrounding waters during the Global Ocean Sampling expedition 2009. Table S2 . Kegg orthologs for salt acclimation genes.
